Calcium (Ca 2ϩ ) is an important intracellular messenger in plants. In recent years, a large number of hormonal signals, and biotic and abiotic stresses have been shown to elevate cytoplasmic Ca 2ϩ ([Ca 2ϩ ] cyt ) levels transiently (1) (2) (3) (4) (5) . Four major families of proteins that sense changes in [Ca 2ϩ ] cyt have been identified in plants (5, 6) . These include (i) calmodulin (CaM) and its isoforms, (ii) CaM-like proteins, (iii) Ca 2ϩ -dependent and CaM-independent protein kinases (CDPKs) that are found only in plants and some protozoans, and (iv) Ca 2ϩ -binding proteins without EF-hand motifs (5) (6) (7) (8) . Of these Ca 2ϩ sensors, CaM is highly conserved among all eukaryotes and contains four Ca 2ϩ binding EF-hand motifs (1, 6, 7) . Activated CaM (Ca 2ϩ / CaM complex) interacts with a variety of unrelated proteins (CaM binding proteins, CBPs) and regulates their activity/function (5-7). To understand Ca 2ϩ mediated signaling pathways in plants it is essential to isolate and identify CaM binding proteins. Screening of expression libraries with labeled CaM has resulted in isolation of a limited number of CBPs in plants (5, 9 -11) . Interestingly, several plant CBPs have no homologs in nonplant systems (5) .
Ethylene, a two-carbon gaseous plant hormone, regulates diverse physiological processes during plant growth and development (12) . Seed germination, seedling growth, fruit ripening, senescence, plant defense responses, abscission and sex determination are some of the processes that are regulated by ethylene (12, 13) . Using genetic and molecular approaches significant advances have been made in elucidating the ethylene signal transduction pathway (13) (14) (15) (16) . Isolation of mutants that are insensitive to ethylene or show ethylene response in the absence of ethylene and cloning of corresponding genes from the model plant Arabidopsis have resulted in identification of many components of the ethylene signal transduction pathway (13) (14) (15) (16) (17) (18) (19) . In addition to characterization of ETR/ERS and CTR gene products in the ethylene signal transduction pathway, two families of DNA-binding proteins (EREBPs and EIN3/EILs) have been extensively studied (15, 20) .
Several studies have implicated Ca 2ϩ in ethylene signal transduction (21) (22) (23) . Blocking of Ca 2ϩ fluxes has been shown to inhibit ethylene-induced gene expression whereas artificial elevation of [Ca 2ϩ ] cyt induces the expression of ethylene-regulated genes in the absence of ethylene (21) (22) (23) , suggesting an important role for Ca 2ϩ in ethylene-induced gene expression. Furthermore, some of the ethylene-induced morphogenic responses are also dependent on Ca 2ϩ (21) . However, the molecular mechanisms by which Ca 2ϩ mediates ethylene action are not known. Since CaM is one of the key sensors of Ca 2ϩ , we have isolated CaM binding proteins from an expression library prepared from ethylenetreated Arabidopsis seedlings. We report here a cDNA and the corresponding gene, which encodes a CaM binding protein (EICBP for Ethylene-Induced CaM Binding Protein). The expression of EICBP is induced by ethylene. The EICBP contains a DNA-binding domain, two ankyrin repeats, a coiled-coil region, a CaM binding domain, nuclear localization sequences and an acidic region at the C-terminus. Comparison of the EICBP sequence with sequences in the Arabidopsis genome database revealed the presence of five other genes that are highly similar to EICBP. In addition, EICBP showed high similarity to an ethylene-induced partial cDNA (ER66) from tomato (24) and a partial cDNA (CG-1) from parsley which encodes a DNA binding protein (25) . The structural features of EICBP and EICBP-related proteins suggest that they are likely to represent a new class of Ca 2ϩ /CaM-regulated DNA binding proteins in Arabidopsis.
MATERIALS AND METHODS

Screening of an expression library with Arabidopsis
35 S-CaM isoforms. Arabidopsis CaM isoforms (CaM2, -4, and -6) in a pET expression vector were used to produce 35 S-CaM as described earlier (10) . A cDNA library prepared in ZAPII vector from poly(A) ϩ mRNA isolated from 3-day-old ethylene-treated Arabidopsis seedlings (26) was used for screening (27, 28) . The positive clones were tested for their binding to CaM in the presence of Ca 2ϩ or EGTA (27) . The cDNA inserts from positive clones were excised in vivo in the plasmid form and used for sequencing.
Sequence analysis. The deduced amino acid sequence was analyzed using BLAST at NCBI, and AtDB (Arabidopsis thaliana database). Protein sequences that were identified to be similar to the isolated clone were obtained and aligned using MegAlign. Different domains in the protein sequences were identified using various protein sequence analysis programs at www.expasy.com.
Expression of truncated cDNAs in E. coli and detection of fusion protein by labeled CaM. The BamHI-SalI fragment (1.5 kb) that encodes the C-terminal part of EICBP (aa 586 to 1042) was cloned in-frame into the BamHI-SalI-digested pET28C. The SacI-XhoI fragment from the above construct (aa 770 to 1042) was ligated into SacI-XhoI-digested pET28C. These constructs and pET28C alone were transformed into BL21 (DE3) E. coli strain. The bacterial culture conditions, induction of fusion protein by IPTG, protein extraction, SDS-PAGE, blotting and detection of fusion protein with T7 tag-antibody, HRP-conjugated CaM and 35 S-labeled CaM were described previously (28) .
Southern, Northern, and RT-PCR analyses. DNA and RNA gel blot analyses were performed according to the standard protocols (29) . Total RNA was extracted using Trizol reagent (Gibco BRL). One g of total RNA was used to synthesize first-strand cDNA in a 20-l volume using a kit (Promega). One-twentieth of first-strand cDNA from the above reaction was used as a template to amplify EICBP with gene-specific primers.
RESULTS
Isolation of an Ethylene-Induced CaM-Binding Protein
To isolate cDNAs encoding CaM-binding proteins involved in ethylene signal transduction, we screened an expression library prepared from ethylene-treated seedlings with 35 S-labeled Arabidopsis CaM isoforms (28) and isolated several positive clones. Characterization of one of these cDNAs is presented here. To demonstrate that the isolated clone encodes a protein that binds to CaM only in the presence of Ca 2ϩ , fusion protein from the recombinant phage was induced by IPTG on a membrane and the filter was cut into two parts and probed, one part with 35 A BLAST search at NCBI with the EICBP sequence revealed high similarities with seven protein sequences that are not known to bind CaM. These include a partial cDNA (ER66) from tomato which is an ethylene-induced gene (24) , parsley CG-1, a partial cDNA encoding a DNA-binding protein (25) , and five hypothetical proteins (Accession Nos. AL391712, AB008268, AB026636, AC002130, and H71427) from Arabidopsis (www.arabidopsis.org). The N-and C-terminal regions of EICBP showed significant sequence similarity with the N-and C-terminal regions of these as shown in Figs. 2 and 3 . The N-terminal 99 amino acids of EICBP (aa 65 to 163) showed ϳ79% identity to the parsley CG-1 gene product (PcCG-1), a CGCG sequence-specific DNA-binding protein involved in light signal transduction (Fig. 2) (25) . Further, the N-terminal 99 amino acids of EICBP showed 81, 76, 61, 56, and 42% sequence identity with Arabidopsis sequences AB008268 (AtER66), AL391712, AB026636, AC002130 (AtFIN21), and H71427 (not included in the alignment), respectively. These sequence similarities suggest that Arabidopsis contains at least six proteins that are related to CGCG nucleotide-specific DNAbinding protein.
The C-terminal 573 amino acids of EICBP (aa 470 to 1042) showed 55, 46, 46, 35, 29, and 23% sequence identity with tomato ER66, AL391712, AB008268 (AtER66), AC002130 (AtFIN21), AB026636, and H71427, respectively (Fig. 3) . PcCG-1 is not included in this alignment because the cDNA is partial and contains only the 5Ј region of the cDNA (25) . The sequences in the middle region of EICBP (aa 164 to 469) and EICBP-related proteins is not highly conserved, raising the possibility that individual members of this EICBP family may perform different but related functions. Members of the EICBP family are present on different chromosomes (Fig. 4) .
The CaM Binding Region Is Located in the C-Terminal Region of EICBP
To map the CBD location, we made two expression constructs containing the C-terminal parts of EICBP (aa 586 Fig. 1 and data not shown) . These results indicate that the CaM binding domain is located between the amino acids 770 and 1042. Although the primary sequence of the CaM binding domain in different CaM target proteins is not conserved, in most cases CaM binding domains form a basic, amphiphilic ␣-helix in which hydrophilic residues are separated from hydrophobic residues along the helix (30) . Analysis of the amino acid sequence (770 to 1042) which binds to CaM with a program that predicts basic amphiphilic helices has shown that amino acids 917 to 929 form an ␣-helix with hydrophobic residues on one side and basic residues on the other side of the helix (Fig. 5B) , suggesting that this stretch of amino acids is likely to bind CaM (Fig. 5B) . Interestingly, this region is highly conserved in all six members of EICBPrelated proteins (Figs. 3 and 4) .
Structural Organization of EICBP
Analysis of EICBP and EICBP-related proteins using various programs that predict different domains in proteins revealed the presence of several motifs that are characteristic of transcription factors. In addition to a DNA binding domain at the N terminus, and an acidic region in the C terminus, EICBP members have ankyrin repeats, nuclear localization signals and a coiled-coil region (Fig. 4) . In EICBP there are two ankyrin repeats (aa 704 -736 and 743-772), two overlapping nuclear localization sequences (aa 71-87 and 85-88) within the DNA-binding domain at the N terminus and a coiled-coil region located in the C terminus (aa 944 -1013). Further, an acidic domain containing 2, 3, or 5 stretches of Asp and Glu residues is located at the C terminus (aa 935-1029). All these domains are conserved in EICBP-related proteins also (Fig. 4) . In each member of this new family, with the exception of ankyrin repeat in H71427, the four domains (DNA-binding domain, ankyrin repeats, CBD and coiled-coil region) are highly conserved (Fig. 4) . The structural features of EICBP and EICBP-related proteins suggest that these proteins constitute a new family of DNA binding proteins and may play a role in Ca 2ϩ -mediated ethylene-regulated gene expression.
Expression of EICBP in Arabidopsis
To determine the expression of EICBP in different organs, a reverse transcriptase-polymerase chain reaction was performed using total RNA. As shown in Fig.  6A , the expected size (531 bp) product was amplified in RT-PCR from fruit, leaf, root and flower RNA. The extent of expression varied in these tissues with a high level of transcript in roots (Fig. 6A, upper panel and   FIG. 3 . Alignment of the C-terminal region of EICBP with tomato ethylene-induced protein (LeER66) (24) , and four uncharacterized protein sequences obtained from the Arabidopsis genome database (Accession Nos. AL391712; AB008268 (AtER66); AB002130 (AtFIN21) and AB026636). Reverse lettering shows identical amino acids. Dashes indicate gaps in alignment. The box (aa 917 to 929 in EICBP) shows the predicted CBD in five protein sequences. Stars indicate the conserved basic residues in the CBD of five protein sequences. middle panel). To show that the product amplified in RT-PCR is EICBP, the PCR products were hybridized to EICBP. The autoradiogram (Fig. 6A, middle panel) revealed similar results. Cyclophilin gene-specific primers were also used as a control in the RT-PCR assays to show the relative amount of first-strand cDNA in RT-PCR (Fig. 6A, lower panel) .
Ethylene Induces EICBP Transcripts
The deduced amino acid sequence of EICBP shows high homology to a partial cDNA from tomato (ER66) that was isolated as an ethylene-induced gene (Fig. 6B ) (24) . To test whether or not EICBP expression is inducible by ethylene, RNA from seedlings exposed to ethylene for 1 h and 6 h was analyzed by Northern analysis. A low level of transcript is detectable in seedlings treated for 1 h. However, in seedlings treated for 6h the transcript is induced significantly (Fig. 6B, upper panel) . In contrast, in untreated seedlings, EICBP transcripts were not detected. In 6 h-treated seedlings, in addition to a major transcript of the expected size (about 3.4 kb), a minor smaller transcript was also present. Since EICBP does not cross-hybridize with other EICBP-related genes (see below) it is likely that the smaller transcript may have been produced by alternative splicing (Fig. 6B, upper panel) . The same blot was reprobed with a constitutively expressed ubiquitin cDNA sequence to show that equal amounts of RNA were loaded in each lane. These results indicate that the expression of EICBP is induced by ethylene. Southern analysis with the genomic DNA indicates that a single gene (Fig. 6C) encodes the EICBP. Al- (21) (22) (23) . In this study, we report a novel CaM binding protein, EICBP, that is induced by ethylene. The deduced amino acid sequence of EICBP possesses several interesting structural features including a DNA-binding domain, two ankyrin repeats, a CaM-binding domain and an acidic putative transcriptional activation domain (Fig. 4) . CaM binding studies with truncated forms of EICBP mapped the CaM binding domain to the C-terminal region. Within this region a 13-amino-acid stretch (917-929) which forms a basic amphiphilic helix is likely to be a CaM binding domain (Fig. 5) . The CBD and other structural features in EICBP are conserved in all six members of the EICBP family in Arabidopsis.
To determine if all members of the EICBP family bind CaM, it will be necessary to perform CaM binding studies with other EICBP-related proteins. EICBP gene expression is induced in Arabidopsis seedlings treated with ethylene (Fig. 6 ). Due to its low level of expression, its transcripts in roots, fruits, and matured leaves and flower tissues are detectable only by RT-PCR. Expression studies with tomato ER66, which shares significant similarity with EICBP, also showed induction of ER66 by ethylene. Our results suggest that EICBP is an ethylene inducible gene and Ca 2ϩ , through CaM, is likely to regulate its activity. However, the exact role of EICBP in ethyleneregulated physiological process and its regulation by Ca 2ϩ /CaM are currently unknown. Recent studies provide evidence that the increased [Ca 2ϩ ] cyt levels are associated with ethylene responsive cellular processes such as senescence and programmed cell death (31) (32) (33) (34) (35) . Furthermore, Ca 2ϩ is necessary for ethylene to induce the expression of several genes (21) (22) (23) Fig. 2 ), two stretches of positively charged amino acids (71 to 87 and 85 to 88) with nuclear localization signals (36) , and an acidic domain containing short stretches of Asp and Glu residues (aa 925-1029) in the C terminus (Figs. 3 and 4) . Two stretches (30 aa each) of ankyrin repeats and a CaM-binding domain, which aid in the interaction of other proteins and Ca 2ϩ / CaM regulation, respectively, are also present in EICBP. Finally, a potential coiled-coil region that is involved in dimerization or oligomerization (homo-or heteromers) is also present in the C terminus. These structural features are well conserved in all Arabidopsis EICBP-related proteins except for the absence of ankyrin repeats in one of the proteins (Accession No. H71427; Fig. 4 ). This high level of sequence similarity among the members of the EICBP family suggests that they may all perform similar functions. Arabidopsis contains at least nine different CaM isoforms and a number of other CaM-like proteins (5) . At present it is not known if EICBP interacts with other CaM isoforms and CaM-like proteins.
Although EICBP family members show high amino acid identity with CGCG-box DNA binding protein CG-1, the downstream target genes of the EICBP family and target nucleotide binding sites are currently unknown. Two distinct families of DNA-binding proteins (EIN3/EILs, ethylene insensitive 3/EIN3-Like proteins, and EREBPs, ethylene responsive element binding proteins) function at the end of the ethylene signal transduction pathway and are involved in the transcriptional regulation of ethylene responsive genes (15, 20) . EREBPs are found only in plants and are rapidly induced by ethylene and abiotic stresses (15, (37) (38) (39) . This family of transcription factors bind cisacting elements called ethylene-responsive elements (EREs) located in the promoter regions of genes that are induced by ethylene and abiotic stresses (20, (37) (38) (39) (40) (41) (42) . EIN3 (and probably other members of this family) is a positive regulator of EREBP expression, suggesting that there is a hierarchy of transcription factors in controlling the expression of ethylene responsive genes. EREBP transcription factors bind the GCC-box (TAAGAGCCGCC) in the promoters of ethyleneregulated genes (13, (37) (38) (39) . Although the EICBP family members contain characteristic features of transcription factors, they do not show any sequence similarity with the EREBP or EIN3/EIL transcription factors. Furthermore, EREBPs (aa 220 -300) and EIN3/EILs (aa 520 -628) are shorter and do not contain neither ankyrin repeats nor a CaM-binding domain.
In summary, we report a novel ethylene inducible CaM-binding protein with a DNA binding motif and other features that are found in transcription factors. The structural features of EICBP and EICBP-related members indicate that they are likely to represent a third family of DNA binding proteins that regulate gene expression in response to ethylene. Further studies are needed to determine where EICBPs function in the ethylene signal transduction pathway. Analysis of these new class of DNA binding proteins with a CaM binding domain should help elucidate the mode of Ca 2ϩ action in the ethylene signal transduction.
